Summary. In the rat small intestine, apoptotic enterocytes are exfoliated at the villus tip as a whole cell, in contrast to guinea pig enterocytes which are phagocytosed by macrophages in their cell body and shed off only in their apical cortex. While macrophages gather in the lamina propria of the intestinal villi in both species, their functions seem to differ.
Unlike the guinea pig, lamina propria macrophages observed in the rat small intestine did not show morphological signs of phagocytosis, revealing few cellular elements in their phagosomes. At the "shoulder" of the villus, i.e., a certain distance proximal to the villus tip, subepithelial macrophages extended a thick process deep into the epithelium; their branched terminals penetrated the cytoplasm of enterocytes, resulting in the formation of excavated spaces in the cell body. Processes of macrophages frequently reached close to the brush border. At the shoulder of the villus, a few effete cells showed typical apoptotic signs and appeared to be pushed out into the lumen; still, the shedding of apoptotic enterocytes was recognized mainly at the very top of the villus, where no intraepithelial processes of macrophages could be seen. The present findings indicate that in the rat, lamina propria macrophages do not engulf aged enterocytes, but are involved in inducing their apoptosis.
Macrophages are known to gather in large numbers in the lamina propria of the gut in several mammals. Previous authors believed that macrophages contribute to a defense system in the intestinal mucosa which is continuously exposed to pathogenic antigens (DEANS, 1964; LEFEVRE et al., 1979; PABST, 1987) . However, we believe it is possible that the resident macrophages play an important role as normal constituent elements. Our recent studies demonstrated that, in the small intestine of the guinea pig, subepithelial macrophages are involved in disposing effete epithelial cells under normal conditions; at villus tips, the cell body of apoptotic enterocytes is not exfoliated into the lumen, but phagocytosed by the lamina propria macrophages (IWANAGA et al., 1992; HAN et al., 1993a, b) . Thus, large, phagosome-rich macrophages gather in the lamina propria of intestinal villi in the guinea pig, especially in subepithelial region of villus tips. A similar structure suggesting this novel function of macrophages has been recognized in the small intestine of the monkey and horse (IWANAGA et al., 1992; HAN, 1993) .
The major population of intraepithelial lymphocytes (IELs) in the intestinal mucosa are characterized by large, electron-dense granules in the broad cytoplasm (for review; IWANAGA et al., 1994) . These large granular lymphocytes (LGLs) belong to ys T lymphocytes and exert cytotoxicity to target cells such as virus-infected cells and tumor cells (JANEWAY et al., 1988; VINEY et al., 1990) . Immunologists believe that IELs in the intestine are responsible for the surveillance of such transformed epithelial cells and for their rapid exclusion in order to maintain an epithelial barrier (JANEWAY et al., 1988) . One major cytolytic substance, perform, has been shown to be contained in IELs in the intestine of the guinea pig (IWANAGA et al., 1994) . Our previous studies using guinea pigs demonstrated that the IELs eroded and separated the enterocytes into fragments at every villus tip, supporting the contention for lymphocytemediated killing of aged enterocytes (HAN et al., 1993b; IWANAGA et al., 1993 IWANAGA et al., , 1994 . While the body of 268 T. IWANAGA et al.: enterocytes was destroyed, the apical cortex of the cells was left to be later domed and pinched off; thus the intestinal barrier was preserved (IWANAGA et al., 1993) .
In the rat, on the other hand, epithelial cells undergoing apoptosis are exfoliated as total, nucleus-containing cells (HAN et al., 1993a) , in agreement with the generally accepted concept on the fate of aged enterocytes (LEBLOND and MESSIER, 1958; LEBLOND, 1981) . In the rat, lamina propria macrophages are as numerous as in the guinea pig, but appear to be low in phagocytotic activity. Moreover, we noticed further differences in the morphology of IELs between the rat and guinea pig; IELs in the rat show no immunoreactivity for perform, and the intimate relation of IELs and enterocytes as found in the guinea pig is not recognizable (IWANAGA et al., 1994) . These findings suggest that the lymphocyte-mediated killing of enterocytes and phagocytosis by macrophages does not take place in the rat.
The present study aims to reveal the functional significance of lamina propria macrophages in the rat small intestine, investigating the possibility that the macrophages damage aged enterocytes, but do not phagocytose them. For comparison, materials obtained from the guinea pig were investigated at the light microscopic level.
MATERIALS AND METHODS
Ten male Wistar rats, weighing 200-250g, and ten male Hartley guinea pigs, weighing 250-300g, were used in this study. The animals were anesthetized with pentobarbiturate and perfused via the aorta with physiological saline followed by 4% paraf ormaldehyde in 0.1 M phosphate buffer, pH 7.4. The duodenum, jejunum and ileum were obtained and immersed in the same fixative for an additional 6 h. The tissues were dipped in 30% sucrose solution overnight at 4t and rapidly frozen in liquid nitrogen. Frozen sections, 15-20 pm in thickness, were prepared in a cryostat (Coldtome CD-41, Sakura Inc., Tokyo, Japan) and stained for the detection of acid phosphatase activity, according to BURNSTONE (1958) . Control experiments for acid phosphatase reactions were simultaneouly carried out by incubating the sections with a medium containing 10 mM NaF, a potent inhibitor for this enzyme.
Localization of cathepsin B was immunohistochemically examined according to the avidin-biotin complex (ABC) method. Frozen sections were incubated with a rabbit antibody against rat cathepsin B diluted 1: 1,000(0.6ug/ml). A detailed characterization of the antiserum has been described elsewhere (KOMINAMI et al., 1984 (KOMINAMI et al., , 1985 . Specificity of the immunoreactions was confirmed by preincubation of the antiserum with rat liver cathepsin B.
For electron microscopy, another seven rats were perfusion-fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4. The duodenum and jejunum were removed and dissected out into small pieces. After immersion in the same fixative for 2 h, the tissue blocks were postfixed for 1.5 h in 1 % OsO4 dissolved in distilled water containing potassium ferrocyanide, dehydrated through a series of graded ethanol and embedded in Araldite via propylene oxide. The ultrathin sections were stained with uranyl acetate and lead citrate, and examined under a Hitachi H-7000 transmission electron microscope.
RESULTS

Histochemistry
for acid phosphatase demonstrated an abundance of macrophages in the lamina propria of villi in the rat small intestine (Fig. la) . Macrophages were stellate cells dispersed in the lamina propria; they were more numerous at the upper half of villi throughout the small intestine. Immunohistochemistry for cathepsin B showed that the immunoreactivity was localized at coarse granular structures of various sizes in the lamina propria of villi (Fig. lb) . There immunopositive granules were contained in the cytoplasm of macrophages, with one or two larger ones in each cell. Another immunoreactivity for cathepsin B appeared as granules in the apical cytoplasm of enterocytes. The immunoreactive granules in the enterocyte cytoplasm were more numerous and larger near the villus tips.
When sections from the small intestine of guinea pigs were stained for acid phosphatase activity, large, round macrophages were demonstrated to gather at the subepithelial region of villus tips (Fig. 2a) . Some positive macrophages were found within the epithelium. The lamina propria macrophages in the guinea pig were also intensely immunoreactive for cathepsin B with the whole cell body (Fig. 2b) , in contrast to those in the rat. Closer observation showed that the more intense immunoreactivity was localized in huge bodies occupying the cytoplasm (cf. HAN et al., 1993b) . No distinct immunoreactivity was recognizable in the villous epithelium of the guinea pig.
Macrophages could be identified even on semithin sections of the rat intestine obtained from materials for electron microscopy. Lamina propria macrophages tended to gather at a region corresponding to the base of the tapering end-portion of the villus-tentatively called the "shoulder" of the villus-but were less numerous at the lamina propria of the genuine tip of the villus (Figs. 3, 10) . The macrophages at the "shoulder" region of villi were lined along the base of the epithelium and were found to extend a thick, long process deep into the epithelium (Fig. 3) . The cell process appeared pale and homogeneous except for its axial portion which was granular in structure and darkly stained with toluidine blue.
Electron microscopically, lamina propria macrophages in the rat small intestine were irregularly tus, but large lysosomes or phagosomes were scanty and did not contain any cellular elements. Subepithelial macrophages at the shoulder region of villi extended a broad cytoplasmic process into the epithelium, with a neck portion penetrating the basal lamina (Figs. 4, 5) . No intraepithelial invasion of processes was seen at the top region of villi. The intraepithelial processes of macrophages were easily identified as pale cytoplasmic fragments, even if their connection with a cell body was lost in a section (Fig. 7) . They contained some cell organella such as mitochondria, rough endoplasmic reticulum and vesicular elements along the axes of the processes. The peripheral region of the processes was free of organella, being occupied by a homogeneous or finely fibrillar substance (Figs. 4, 5) . The macrophage processes ran throughout the intercellular spaces, frequently invading the cytoplasm of enterocytes. The tip of processes, occasionally covered with a ruffled surface (Fig. 6) , spread in the epithelium by forming branched processes. Some processes reached the apical region of enterocytes close to the brush (striated) border (Fig. 4) . Intracellularly inserted processes of macrophages were frequently accompanied by irregularly shaped empty spaces in the enterocyte cytoplasm (Figs. 4, 5) . It was often noticed that the empty spaces matched the shapes of adjacent macrophage processes which presumably had retreated due to natural movement or shrinkage by fixation. These eroded or excavated spaces in the epithelium were restricted to the upper region of villi.
The villus epithelium contained lymphocytes and eosinophils, these mostly lying on the basal lamina. The former cells had a rich cytoplasm containing several round electron-dense granules, thus identified as LGLs (cf. KANEDA, 1989) . The granular lymphocytes frequently contacted the processes of macrophages within the epithelium. They were dispersed in the villous epithelium, but rare in the villus tips.
As commonly seen in histological preparations, the villus epithelium showed sharp incisions on the apical side, which formed continuous furrows running circularly on the epithelial surface. In ultrathin sections, the epithelial incisions appeared as a narrow V or U-shaped pits (Figs. 4, 6, 7) . The above penetration of macrophage processes tended to be concentrated around these pits (Figs. 4, 6, 7) . In a few pits located at the shoulder region of villi, we encountered apoptotic enterocytes which were underlain by the processes of macrophages, looking as if the macrophage processes had pushed out the enterocytes (Fig.  8) . At the villus tip, on the other hand, apoptotic enterocytes were frequently observed to be extruded into the lumen, forming a polypous protrusion (Fig.  9) . Such protruded cells lost contact with the basal lamina and displayed a typical apoptotic nucleus in which chromatin was condensed into uniformly dense masses on the nuclear envelope (Fig. 9) . Neither IELs or macrophage processes were observed around the extruded cells at the villus tips.
DISCUSSION
Intestinal epithelial cells or enterocytes have a short life span that is estimated at 2 or 3 days in the rat and mouse (LEBLOND and MESSIER, 1958; QUASTLER et al., Fig. 3 . A semithin section of the rat duodenum. Three macrophages at the subepithelial region extend a thick process (arrows) into the epithelium.
1959). The enterocytes proliferate at crypts, move towards villi, and die at their tips (EASTWOOD, 1977; LEBLOND, 1981) . It is supposed that cell death occurring at villus tip is a well-controlled cell death, termed apoptosis (WYLLIE et al., 1980) . Actually, morphological changes specific for apoptosis have been observed in the villus tips by use of ultrastructural and cytochemical techniques (this study and GAVRIELI et al., 1992; HAN et al., 1993a) . However, our previous study showed that the fate of apoptotic enterocytes differed among species (HAN, 1993; HAN et al., 1993a) . Apoptotic enterocytes in the guinea pig are phagocytosed by large macrophages which aggregate at the villus tips, and only a thin cortex of the enterocytes is shed off (HAN et al., 1993b; IWANAGA et al., 1993) . In the rat, we confirmed that effete epithelial cells are wholly exfoliated into the lumen (HAN et al., 1993a) , as has long been believed (LEBLOND, 1981) .
The present study gives further evidence that apoptotic enterocytes are dropped off into the lumen at the villus tip in the rat. Nevertheless, numerous macrophages are contained in the lamina propria of intestinal villi in this animal as shown by acid phosphatase histochemistry.
These macrophages do not show any phagocytotic signs based on the present findings of cathepsin B immunohistochemistry and electron microscopy. The inactive phagocytosis of macrophages may be reasonably considered, since they do not take up apoptotic enterocytes as do these cells in the guinea pig. Thus, a question arises concerning the functional significance of macrophages in the rat intestine. The most striking figure observed in this study is the invasion of macrophage processes into the epithelium (Fig. 10 ). There is a possibility that the intraepithelial extensions of macrophages are involved in the uptake of antigens passing through the intercellular routes. Lamina propria macrophages are generally believed to present antigen to lymphocytes and modulate the response to that antigen (BLAND and KAMBARAGE, 1991) . This, however, cannot explain the invasion of macrophage processes into the enterocyte cytoplasm. The topographical relation of macrophage processes and enterocytes observed in the present study is reminiscent of that of IELs and apoptotic enterocytes documented in guinea pigs (IWANAGA et al., 1994) . In the guinea pig, cytotoxic lymphocytes were demonstrated to extend their complicated processes into enterocytes to cause the erosion and fragmentation of cell bodies (IWANAGA et al., 1994) . The subsequent apoptosis of the enterocytes was therefore proposed to be induced by contact with IELs. At the villus tip of the rat, however, no signs of the lymphocyte-mediated killing of enterocytes have been recognized in the present or previous studies (IWANAGA et al., 1994) .
The present observation suggests a possibility that lamina propria macrophages attack aged enterocytes in place of IELs and induce their apoptosis in this animal. Macrophage-mediated enterocyte damage has been observed in the co-culture of enterocytes and gut macrophages obtained from Giardia lambliainfected mice (GOYAL et al., 1993) . Moreover, in inflammatory bowel diseases such as Crohn's disease and ulcerative colitis, the activation of macrophages seems to play an important role in inducing mucosal erosion (BRAEGGER and MCDONALD, 1994) .
The cytotoxicity of the lamina propria macrophages against enterocytes may be explained by a dual mechanism, namely mechanical and chemical Figs. 6 and 7. Electron micrographs showing the intraepithelially inserted processes of lamina propria macrophages (M) in the small intestine of rats. Processes with a pale cytoplasm (arrows) tend to be concentrated around V or U-shaped pits on the apical surface of the epithelium. Figs. 8 and 9. Shedding of apoptotic enterocytes in the duodenum of rats. In Fig. 8 , an enterocyte (E) showing characteristics of apoptosis is protruded into the lumen. Cytoplasmic processes (arrow), possibly derived from a macrophage, gather beneath the apoptotic cell. At the villus tip, many apoptotic enterocytes (E) are exfoliated into the lumen as shown by a thick arrow in Fig. 9 . attacks. First, invasion of the cytoplasmic processes may severely damage the enterocytes as mentioned above. Eroded areas of epithelium are usually accompanied by the invasion of macrophage processes. Second, macrophages produce and secrete several cytotoxic substances such as interleukins, superoxide radicals and nitric oxide. Tumor necrosis factor (TNF)-a, one of the predominant cytokines produced by macrophages, is known to induce apoptosis to target cells (SUDA et al., 1993; ORNO et al., 1993) . Interestingly, TNF-related factors are slow-acting, taking 24 h or more to induce apoptosis, while cytotoxic T lymphocyte (CTL)-mediated cell death occurs in minutes (DUKE, 1991) . Moreover, TNF-a is cytotoxic for only a limited number of tumor cells, whereas CTL-derived factors such as perform (PODACK et al., 1984 (PODACK et al., , 1985 , granzyme A (HAVES et al., 1989) and fragmentin (Sm et al., 1992) can kill normal (e.g., allogeneic), virally infected, or a variety of tumor cells. Superoxide radicals and certain proteases were found to bring about enterocyte damage in the animal model of Giardia lamblia (GOYAL et al., 1993) . Identification of the cytotoxic substances produced by the lamina propria macrophages is an important subject for future studies.
Apoptosis of enterocytes occurs predominantly at the villus tip, as shown in the present study (Fig. 10) . The present study demonstrated that, at the villus tip of the rat, the apoptosis of enterocytes and the following extrusion was accompanied neither by lymphocytes nor by macrophages. This result, however, does not exclude the involvement of macrophages in the induction of apoptosis. There is a possibility that aging enterocytes passing the shoulder region of the villus are touched by macrophages, but their cytotoxic factors such as TNF-a may act slowly on the enterocytes. The cell death thus may be recognizable first at the tip of the villus. The present observation further indicated that apoptosis also occurs in the shoulder region of villi, where the processes of macrophages are intimately related (Fig. 10) . Although the latter apoptosis may be minor cases, a direct involvement of macrophages in the apoptosis of enterocytes was morphologically evidenced. The functional significance of the two types of apoptosis showing different extrusion sites remains unknown. In the region distal to the shoulder, the villus rapidly decreases in diameter. The partial disposal of enterocytes at the level of the shoulder would seem to serve to gradually reduce the diameter of villi and form the tapered shape of the villus tips. Most of the aged enterocytes are shed into the lumen at the villus tip, with some being pinched off at the shoulder region of villus (arrows). Macrophages (M) are numerous at the lamina propria of the villous shoulder region, gathering subepithelially and extending a thick process into the epithelium. This may be the first point where enterocytes are damaged by lamina propria macrophages. L central lacteal.
